We investigated the effects of hypergravity on gene expression in Escherichia coli. Analysis of gene expression using green fluorescence protein reporter showed downregulation at 50;000 g, as found for OmpW, which was one of the gravity-induced proteins. Real time-PCR analysis showed normal transcription even at 50;000 g. These results suggest that hypergravity inhibited the translation process in gene expression.
Gravity is a physical force affecting all living organisms on Earth. There have been investigations into the effects of gravity on cells. With regard to low gravity, several studies have demonstrated that microgravity affects the regulation of gene expression in microorganisms, 1, 2) but the effects of hypergravity have not been fully investigated for microorganisms, especially bacteria. In the fission yeast Schizosaccharomyces pombe, hypergravity produced by centrifugation stimulated marked activation of the stress-activated protein kinase pathway and the cell-integrity pathway. 3) In the case of bacteria, Escherichia coli grew under conditions of hypergravity at up to 110;000 g. 4) We also cultured E. coli K-12 W3110 in LB broth under conditions of hypergravity at up to 7;500 g for 24 h. E. coli showed unchanging growth properties between 1 g and 7;500 g. 5) Cyanobacteria hardly register changes in gravity as stress. 6) We have reported that hypergravity regulates the expression of the outer membrane protein OmpW in E. coli. The level of OmpW expression increased as gravity increased, and reached a maximum expression level at 7;500 g. 5) In this study, we examined the expression of OmpW at 50;000 g, and found its level to be lower than at 7;500 g. The downregulation of OmpW depended on the suppression of gene expression in E. coli. Our results indicate that high gravity interferes with the process of translation in E. coli.
E. coli K-12 strain W3110 (ATCC27325) was obtained from the American Type Culture Collection (Manassas, VA). E. coli was grown in 3 mL of LuriaBertani (LB) broth at 37 C with shaking (160 rpm) for 15 h. The cultures were suspended in 3 mL of fresh LB broth, and the cells were grown to mid-exponential growth phase (absorbance at 600 nm, 0.7) with shaking. The exponentially growing cultures were suspended in 30 mL of LB broth containing approximately 2:5 Â 10 6 cells/mL, and were then used for incubation under hypergravity. The cultures in centrifuge tubes were placed in a Centrifuge EIX-135 (Tomy Seiko, Tokyo) with an angle rotor (Type TLA-11), or an Optima XL-80K Ultracentrifuge (Beckman Coulter, Danville, CA) with an angle rotor (Type 35). The cells were subjected to conditions of hypergravity at up to 50;000 g for 24 h at 37 C. Control cultures were grown at 1 g in an incubator. Growth was determined by measuring the absorbance at 600 nm on a Novaspec II Visible Spectrophotometer (Pharmacia Biotech, Cambridge, UK). E. coli showed the same growth properties between 1 g and 7;500 g, 5) while growth was retarded when the incubation gravity was increased to 50;000 g (Fig. 1A) .
Cells grown at hypergravity were resuspended in homogenate buffer (pH 7.5) containing 50 mM Tris-HCl buffer (pH 7.5), 250 mM Sucrose, 1 mM DTT, 1 mM PMSF, and 5 mM MgCl 2 and were broken by sonication (20 W, 2 min) in an ice-water bath. Unbroken cells were removed by centrifugation (500 g, 10 min, 4 C). The envelope was pelleted by centrifugation (100;000 g, 30 min, 4 C), and washed once with 50 mM Tris-HCl buffer (pH 7.5). It was incubated at room temperature for 30 min in 0.5% sodium dodecyl sarcosinate (sarcosyl)-10 mM NaH 2 PO 4 -NaOH (pH 7.4).
7) The suspension was centrifuged at 100;000 g for 30 min at 4 C. The pellet was washed with the sarcosyl-phosphate buffer and used as the outer-membrane protein fraction soluted 2% sodium dodecyl sulfate (SDS). Protein was determined with DC protein assay reagents (Bio-Rad, Hercules, CA), using bovine serum albumin as standard. SDS-PAGE was performed essentially as described by Laemmli 8) on 12.5% polyacrylamide gels (large-sized gels). The proteins were stained with 2D-silver stain II (Daiichi Pure Chemicals, Tokyo). Analysis of the outer membrane protein profile indicated induction of OmpW by hypergravity.
5) The level of OmpW protein at 50;000 g increased to the basal level detected at 1 g in the silver stained gel, but showed a lower level than at 7;500 g (Fig. 1B, C ). Therefore, it is possible that hypergravity affects the expression of other genes besides ompW expression in the cell.
We used plasmid DNA encoding the GFP gene as a reporter gene. The plasmid (pBADNG) contained green fluorescence protein (GFP) downstream of the P BAD promoter, the gene for AraC regulatory protein (araC) downstream of the P1 promoter, ColEI, and the ampicillin resistance gene (amp). Expression of GFP was induced by the addition of arabinose.
9,10) pBADNG plasmid was derived from the published pTAK132, 11) and was constructed by standard cloning techniques. Transformation was carried out by the transformation and storage solution (TSS) method. 12) For GFP expression, E. coli was grown aerobically in 2 mL LB broth supplemented with 100 mg/mL ampicillin at 37 C at 160 rpm for 15 h. Fifty-mL aliquots of the cell cultures were suspended in 1 mL of the fresh LB broth containing 0.6% L-arabinose. These cultures, in 1.5 mL-centrifuge tubes, were placed in an Optima TLX Ultracentrifuge (Beckman Coulter, Fullerton, CA) with an angle rotor (rotor type TLA120.2). The cells were subjected to conditions of hypergravity at up to 50;000 g for 1 h at 37 C. Control cultures were grown at 1 g in an incubator. GFP expression was quantified using a FACS Calibur HG Flow Cytometer (Becton Dickinson, San Jose, CA). Samples were prepared by pelleting cells from 1 mL of culture, followed by resuspension in phosphate-buffered saline (pH 7.0) (PBS). For each sample, 30,000 events were collected. Expression of GFP was induced by the addition of 0.6% or 3% Larabinose. GFP expression of E. coli carrying pBADNG was induced in early-log phase culture under hypergravity with 0.6% L-arabinose, and monitored as fluorescence emission by flow cytometry. Figure 2A shows the geometric mean fluorescence intensity (MFI) of GFP expression at 1 g, 7;500 g, and 50;000 g. The level of GFP expression under hypergravity is shown as the ratio of GFP MFI in the presence of arabinose divided by the GFP MFI in the absence of arabinose. The level of GFP expression at 7;500 g (8.7-fold) was 26% lower than at 1 g (11.8-fold). There were slight alterations in GFP expression under conditions of hypergravity at up to 7;500 g. On the other hand, the level of GFP expression at 50;000 g (2.6-fold) showed a significant decrease of 78%. Centrifugation makes E. coli cells formed a pellet at the bottom of a centrifugal tube. The cells in the densely packed pellet would not take L-arabinose molecules from the medium. Growth curves for E. coli at 1 g, 7;500 g, 15;000 g, and 50;000 g as measured by absorbance at 600 nm (A). For each growth curve the average of three independent experiments is shown. Error bars indicate standard deviations (n ¼ 3). Outer-membrane proteins of E. coli were separated by SDS-PAGE on a 12.5% gel and stained as described under ''Materials and Methods'' (B). Lane M, Molecular mass markers; lane 1, 1 g (0 h); lane 2, 1 g (2 h); lane 3, 1 g (6 h); lane 4, 1 g (24 h); lane 5, 7;500 g (2 h); lane 6, 7;500 g (6 h); lane 7, 7;500 g (24 h); lane 8, 50;000 g (2 h); lane 9, 50;000 g (6 h); lane 10, 50;000 g (24 h). OmpW is indicated by an arrow. The section of stained polyacrylamide gel containing OmpW is shown (C). The protein bands on the gel showed reproducible changes in at least two independent experiments. Fig. 2 . Expression of GFP in E. coli under Hypergravity.
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Expression of GFP was induced by the addition of 0.6% L-arabinose, and was quantified using a flow cytometer (A). E. coli transformed by the indicated plasmid encoding GFP was grown at 1 g, 7;500 g, and 50;000 g for 1 h. Effects of densely-packed pellet on the expression of GFP in E. coli (B). To avoid the possible effects of cells aggregated by centrifugation, expression of GFP was induced by adding 3% L-arabinose. The red curves represent GFP expression induced with arabinose, and transparent curves showed the fluorescent level without arabinose. The values noted above the peaks show geometric mean (Gm) fluorescence intensity. Expression of GFP was reproducible, and is representative of two independent experiments.
We examined GFP expression induced with 3% Larabinose to avoid the possible effects of low penetration of the densely packed pellet (Fig. 2B) , but the level of GFP expression at 50;000 g (1.9-fold) was 85% lower than at 1 g (12.9-fold). This indicates that the inhibition of GFP expression was due to hypergravity rather than to low penetration.
We also evaluated the amount of plasmid pBADNG under conditions of hypergravity, because expression of GFP is dependent on plasmid copy number. pBADNG plasmids were isolated from E. coli grown under hypergravity using a QIAprep Spin Miniprep Kit (Qiagen, Germantown, MD) and were quantified by the absorbance at 260 nm. The plasmids were digested with NdeI and electrophoresed in a 0.9% agarose gel. The amount of plasmid DNA showed no alteration between 1 g and 50;000 g (data not shown). These results indicate that a gravity level of 50;000 g affects the process of gene expression in E. coli.
Next, we investigated the influence of high gravity on the process of gene expression in detail. To determine whether high gravity interferes with transcriptional or translational processes in gene expression, the gfp mRNA level in E. coli was measured by real-time PCR. For this, total RNA was isolated from E. coli cells using a RiboPureÔ-Bacteria Kit (Ambion, Austin, TX), and converted to cDNA with a High Capacity RNA-tocDNA Kit (Applied Biosystems, Foster City, CA) following the manufacturer's protocol. To remove contaminating DNA, 1 mg of RNA was treated with 2 U/mL of RNase-free DNase I (Ambion, Austin, TX) at 37 C for 2 h. The products were subjected to RT-PCR and real-time PCR. The primers for the E. coli GFP gene were C and 1 min at 58 C. Blank and positive controls were run in parallel to determine amplification efficiency in each experiment. During the extension step, the 7500 Real Time PCR System monitored PCR amplification in real time by quantitative analysis of emitted fluorescence. Each run was completed with a melting curve analysis to confirm the specificity of amplification and lack of primer dimer. Relative quantification was performed by the standard curve method. The relative quantification of each GFP mRNA sample normalized to 16S rRNA was subsequently divided by the amount of control gene (which was assigned a value of 1 arbitrary unit). Primer efficiency was tested using the corresponding annealing temperatures. It was calculated by the standard curve method (E ¼ 10 À slope À1 , where E represents the primer efficiency).
gfp mRNA levels increased approximately 2-fold at 50;000 g as compared to 1 g despite low GFP expression at 50;000 g (Fig. 3) . There was no significant alteration in gfp mRNA levels under conditions of hypergravity up to 7;500 g as compared with 1 g. The results indicate that a gravity strength of 50;000 g inhibits the process of translation. Increase of gfp mRNA levels at 50;000 g may depend on the protection of mRNA with stalling of ribosomes from nucleolytic attack by RNase. [13] [14] [15] [16] [17] [18] There is a possibility that intracellular sedimentation of large molecular complexes such as the number of ribosomes binding to mRNA (polysome) takes place under hypergravity. The level of gfp mRNA in E. coli grown under hypergravity with (þ) and without (À) 0.6% L-arabinose was quantified by real-time PCR. The relative change in gfp mRNA transcripts, normalized to 16S rRNA transcripts, was measured using the average of three independent determinations with their standard deviations. Relative gfp mRNA levels are shown as the ratio of the levels of gfp mRNA under hypergravity divided by those of gfp mRNA at 1 g without arabinose.
